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ABSTRACT

x/An analytic design study is conducted to demonstrate circumstances under which the
inclusion of feedforward compensation in j iar&gﬁ-_t__rackwn_gg Mggl'xtrgl scheme can b\e_‘ e:_cpected F
to offer significant performance ga.inf@.g. enough to justify cost of implementatioi)‘:’ln ‘
particular, a target-tracking controller design problem for a mechanical arm is developed
to assess quantitatively the capacity of feedforward to provide a quicker, more accurate - -
tracking response over wide ranges of uncertainty or variability in the dynamic parameters |
of both plant and target.

The Stanford Aeronautics and Astronautics Department Robotics Lab two-link, two-
actuator mechanical arm, inherently a system with variable kinematic and dynamic pa-
rameters, provides an appropriate framework for this study. Using recent developments
in the theory of quadratic synthesis of robust, low-order “'o%ﬁmal"}é;ntrollers, control
logic is developed — both with and without feedforward - that enables the arm end point
to track a physical target characterized in part by periodic motion of variable or uncertain

frequency and phase.

It is shown that, using relatively noise-free measurements of target position coordi-
nates only, feedforward compensation can be expected to provide substantial reductions
in tracking errors for given constraints on control effort, particularly when the range of

variation in target frequency is large. oise levels in the position measurements in-

crease, the relative improvement in tracking actyracy (for a given level of control effort)
offered by feedforward decreases. However, if targetrate coordinates are also measured

nt is shown to be considerable
ﬂ‘/ ‘/._'_(‘4 W(‘"‘["Q .. 7»" EXal -{;,(0‘ Lad

and used in the feedforward control scheme, the improve

. even for fairly high noise levels in all target measurements.
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. Experimental verification of the predicted results contained herein is scheduled for

the near future.
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1.0 INTRODUCTION

Feedforward compensation has been applied to specific control system tasks for some
time. For target-tracking applications, feedforward will typically appear together with
some appropriate combination of output error feedback compensation (including integral
control) and plant inner loop (e.g. rate) feedback in the overall control scheme (see Fig.
1). One advantage of feedforward control is to quicken the plant tracking response by
providing the controller with “early information” about the future target trajectory, thus
reducing the transient portion of the tracking error. Another effect of feedforward can be
realized in situations when an oscillating target is to be tracked and where the variabil-
ity /uncertainty (v/u) associated with the target dynamic parameters (e.g. frequency of
target oscillitory motion) is significant. For these cases, it is straightforward to show that
integral control does not ensure zero steady- state error over the entire target parameter
v/u range so that the feedforward controller parameter choices will have a significant

impact on the steady-state errors in addition to the transient errors.

A drawback of feedforward control is that direct measurements of one or more target
motion states must be obtained using additional sensors and noise filters, resulting in
a more costly and complex control system to implement. The question is thus raised
whether a single set of feedforward controller parameters can be determined that offers
enough average performance improvement over the plant and target parameter v/u ranges
to justify “costs”. That is, can a feedback-only control scheme using error and plant rate
measurements only be designed that affords nearly as good performance for lower cost

and simpler implementation?

In this report, a target-tracking design problem is developed for a two-link,two-
actuator mechanical arm to explore conditions under which feedforward can be expected
to provide significant improvements over a simple feedback-only control scheme in both

transient and steady-state tracking performance.
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2.0 PROBLEM LAYOUT AND DESIGN APPROACH

The Stanford University Aero/Astro Robotics Laboratory two-link, two actuator

(2L/2A) mechanical arm is nearing completion of construction.

One of the future tasks envisioned for this arm is to demonstrate ability to operate
effectively in a target-tracking mode despite variability /uncertainty (v/u) in the arm and
target dynamic parameters. Figure 2 is a schematic of a possible future target-tracking
application for the 2L/2A arm. Here it is desired for the arm tip to track motions in the
horizontal plane of an object suspended by a cable from an overhead conveyor belt moving
at constant velocity v, . The object is assumed to have recently passed through a paint-
spray booth and, upon exit, continues to undergo natural, undamped oscillatory motion
superimposed upon the rectilinear belt motion y, () at constant velocity Vg, Assuming
a small nominal angle 8, between the attachment cable of length £ and the vertical
reference, it can be shown [1] that, under ideal conditions, the linearized horizontal plane
trajectory for the target object is approximated by a slowly precessing ellipse. The target

completes one traversal of the ellipse every 7 seconds, where

. = ¥ w, = ¢? A
T w, T Ve 8

The precessional frequency of the major axis of the ellipse is given by:

“r = 5%

In this work, it is assumed that 6, is small enough to neglect the precessional motion
component. However, randomness associated with the ellipse amplitude, eccentricity, and D 1

orientation is accounted for as discussed in Section 3.1. R

At time t = 07, the target-tracking control sequence is initiated. The goal is to cause
the arm tip to track the target object to within a tolerance of + 1 cm for all times greater

than ¢, = 10 seconds. In meeting (or exceeding) these error requirements, the torque —— e

_3- I;ﬁy
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................................
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motor peak (rms continuous) limits of + 15 N-m (+ 3 N-m) are not to be violated.

At any time between ¢, and t; = 20 secs (corresponding to the point y,(¢;) at
which point the conveyor belt “ends”), a gripping mechanism of mass M,;, attached
to the arm tip will thus be in reasonably good position to “reach up” and grasp the
target object with low relative impact velocity and subsequently transfer the object to
some other designated point in the assembly area. This control sequence (to,%;) is to be

continuously repeated throughout the daily operational hours of the assembly line.

Variable dynamic parameters associated with this problem are:

(1) arm gripper mass (M)

(2) target frequency of oscillation (w,)

The variations in Mj;, and w, are taken to be discrete (e.g. due to sudden changes
in gripper size and/or cable length by the plant operator to accomodate target objects of
differing dimensions). However, it is assumed that all discrete changes in these parameters
occur between tracking control sequences so that M, and w, are constant (although

possibly unknown) during any single sequence (%o,2y).

The designer’s task is to devise an effective target-tracking control strategy which is
in some sense “robust” to the v/u dynamic parameters. One approach to the problem
would certainly be to consider the use of some type of adaptive control, such as gain
scheduling in tandem with a parameter identification scheme for determining M,;, and
w;. An alternative (and probably simpler to implement) approach is to design control
logic using a single set of constant controller parameter values which, on the average,

provides good tracking performance over the target and plant parameter v/u ranges.

The latter approach is the one taken in this work.

-—ald

[

[ AR 3]

-

- PP I
R
P
B




-
|
PR—
'
e e
[

' ’ A

;, ‘3

L o 3 o s W

. S39S (g + 43 = 71 9103J9q INnq SI3S QO + 43I = 3 4

ﬁ. 1933e (393ae31) 3109[qo SuyBurms dseid pue Snoazopusa 03 dy3 wie 3oqoy .g

\ 1009 AV¥dS INIVd WO¥d dil X0Id :WdV VI/1C 04 HOILVOITddV ONINOVEL LADUVL T "II4 "y

: %

. .4

~ .Q

g V ¥OLOW and¥ol — A

_ B

P ﬁ

.ﬁ

1

do  zoNdnbaud 1I0VL  (2) %

dra 5

Pl ssyW d1L Wav (1) .

: o

-

1SYALANVYVA NIVINADNO ) .)

ﬁ, .

3 X ...A
ﬁ. _
# M3IA dOi 4 YOIOW AMd¥0L — “

wou
06— = d

A¥0LDALvVIL
130¥VY TVOIdAL

.w ~om> X1ID0TEA) NOI11S0d NOILISOd dIL
L1149 YOXIANOD LAJUVI TVILINI VvV TVILINI

sy

N

HLOO9 AV¥dS INIVd

u
ASRARSYRARNY)




2.1 Choice of Controller Structures

The capacity of any controller design for providing good target-tracking performance
will depend to a large extent on the structure of the controller (i.e. specification of

sensors; order and form of compensation) in addition to the numerical values specified

for the unconstrained parameters (e.g. gains) of the structure.

Three separate controller structures are designed and evaluated for their effectiveness
in providing good average transient and steady-state tracking performance over large v/u

ranges for My, and w,: °

(I) NoFF: A controller featuring Proportional-Integral® output error feedback

plus feedback of arm angle rates and no feedforward (Fig. 3).

(II) FSFF: Same as (I) plus full-target-state feedforward (Fig. 4) or the near -0 ,. ‘

equivalent using noise-free measurements of position coordinates

together with an approximate differentiation network to obtain

rate coordinates (Fig. 5)

(III) ESFF: Same as (I) plus feedforward of estimated target states given:

(a) noisy measurement of position

coordinates(FF1) S

s (Fig. 6)
(b) noisy measurements of position

and rate coordinates (FF2)

Note that “Integral*”, as used here, refers to a generalization of the classical “1/s”
integrator to a form better suited for tracking target motion consisting of a superposition

of a ramp plus oscillatory motion at frequency w, (i.e. “1/s*" plus “1/(s* + w})").

From Fig. 3, it is seen that the I, portion of the Integral® block has a Laplace domain

representation:
) a(K; s+ K,) T
T = —n_ R e
€I, (8) 32 + als + a2 (3) ;'_...:.
-9
For the case where a, = 0, it can be shown analytically that inclusion of this specific form R
-6- oSt
.
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(sometimes referred to [3] as “rotating” or sinusoidal integral control) will guarantee zero
steady-state tracking error with respect to target oscillatory motion at frequency ,/a;. In
addition, the rotating integral control provides robustness in the sense that it preserves
the zero steady-state error property for any values of the arm or controller parameters
(assuming the arm dynamics remain stable). If the target frequency w, = w, . were
invariant and well-known, then we could indeed set @, =0, ¢; = w, and be assured
of perfect steady-state tracking. However, w, is one of the variable parameters in this
design problem. Hence, we allow both @, and a; to be free parameters to be decided
upon by an optimization process (see Section 2.3) which will account directly for the

variability in w;.

Similarly, it is readily apparent from Fig. 3 that the Laplace representation of the I,
sub-block is simply:

Ti, (s) = S B (s)

Inclusion of this integrator term in conjunction with the natural 1/s integration from arm
tip velocity to position will guarantee zero steady-state error with respect to the ramp

portion of the target motion.

For the FSFF structure, the point is made that, given a relatively noise-free measure-
ment of a target position coordinate y, only, an estimate of the corresponding target
rate coordinate v, can be obtained by implementation of an approximate differentiator

with s-domain form:
. Ls
Vr(s) = st L Yr(s)

The above representation corresponds in the time domain to a “reduced-order ob-
server” of target rate given a measurement of position. Since the target position mea-
surement is assumed to be relatively noise-free, the gain L can be made very large in
which case the estimate ¥, is a very good approximation to actual v,. In this case,
the performance of the controller of Fig. 5 will be almost identical to that of the ideal
FSFF controller of Fig. 4. Of course, if high L is to be used, it is essential that the
differentiation network (i.e. observer) be allowed to run open loop for a short time prior
to t = t§ to provide for decay of large initial transients in 9, before any control action

is taken.




It is noted that the performance obtained using FSFF represents the ideal perfor-

mance attainable using either FF1 or FF2 in the absence of noise.

At the cost of providing extra sensors, the addition of feedforward compensation to
the baseline NoFF structure would appear to offer a means for improving the performance
without affecting the arm stability characteristics. In this report, no attempt is made to
provide a rigorous mathematical demonstration of the mechanism by which feedforward
compensation can beneficially affect the tracking performance (analysis of either transfer
function Y (s)/Yr(s) or E(s)/Yr(s) can provide a great deal of insight into this question
...Ref. [2] and [4]). Instead, using recently developed techniques for quadratic synthesis

of robust controllers for “optimal” target-tracking, the feedforward/feedback structures

are designed and evaluated against the NoFF structure designed to the same criteria.
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2.2 Choice of Performance Criteria

In order to determine the relative advantages of including feedforward of measured
(and/or estimated) target states in the overall target-tracking control scheme, it is essen-
tial that each of the proposed controller structures be designed and evaluated according
to some consistent performance criterion which adequately reflects the design goals stated

previously. For example, this criterion might be stated in physical terms as:

PERFORMANCE CRITERION A: “Minimum average (over parameter v/u ranges)
value achievable for a weighted sum of mean square transient and steady-state tracking

errors without exceeding allowable limits on peak and steady-state torques”

This criterion is useful in the typical case where a specific torque motor is available
and it is desired to produce the lowest errors possible without violating the torquer
allowable limits. Alternatively, the primary task of the preliminary design phase may be

to size the torque motor for given bounds on the tracking errors, in which case:

PERFORMANCE CRITERION B: “Minimum average value of a weighted sum of
peak torque and steady-state torques required to insure that mean square transient and

steady-state tracking errors do not exceed some specified bounds”

An effective synthesis tool for optimizing controller parameters according to P.C.
(A) or P.C. (B) is provided by a modified version of a recently developed computer
algorithm (“SANDY?™) for the design of robust, low-order controllers ({4] and [5]). The
modified algorithm (“SANDY1”) uses a non-linear programming search to minimize a
newly defined quadratic performance index especially suited to the important class of
target-tracking problems for which the target dynamics are characterized by one or more
neutrally stable and/or unstable modes. A brief description of this algorithm is described

next.
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2.3 Brief Description of “SANDY1” Design Algorithm

Given linearized plant and target dynamics corresponding to parameter condition

of the form:

e E] =[5 AT+ 15w+ [ 2T 2]

where w' and w; are zero-mean white noise sources with power spectral densities given
by:

EPMWM w(yw,'r) 1° _ [Q wa_ﬂ

w ('(r) wBw'(n)] ~ 10 @
Random initial conditions are described by the covariance matrix:

X;' = E [z

The target dynamics matrix Fr may be characterized by one or more neutrally stable
and/or unstable modes. However, it is assumed that these modes are “excited” omnly by
random initial conditions.
]
T
T
o .
'_::"'.' ]
QRN
'::.-'_;.-‘ :::j]
L




el |
.
IR W Y

Given a constant parameter compensator structure of the form: )

Y = Hiz' + Di,u+Di o

e
I

‘= Dyi + C72*

5 = A + By

The SANDY1 algorithm for design of robust target-tracking controllers is based upon
minimization with respect to the unconstrained elements in K of a “weighted-average”

quadratic performance index of the following form (simplified form for illustrative pur-

poses):
. __ npiri
(N J' = Z.‘:M’ J
t
i : 1 it i i i 1 i
(1) J'= F | lim {— [ €, Que, + 4, Ruu, ‘| + -u Rouy
'!__.w 2t! , . (1) e 2
1 1
g / A¢'QA¢ + Auw' RAY dt
0
where,
np = total number of discrete plant/target parameter conditions
b p' = probability for occurrence of plant/target parameter condition i
L e'(t) = tracking error vector of dimension no = é,(t) + Ae'(t) = H}z; - HZ
: (see Fig. 7)




u'(t) = control vector of dimension nc = ul,(¢) + Au'(t) (see Fig. 7)

- : . -
e,,(t) = steady-state portion of tracking error vector o
u',(t) = steady-state portion of control vector

Ae'(t) = transient portion of tracking error vector o
Au'(t) = transient portion of control vector
uf = initial value of control vector
t; = finite time interval over which transient criteria are to be “penalized” ¢
...selected by designer
A more compact form of J* is obtained by use of the following definitions: ‘o
[ef,m]' = (no * no) time-averaged covariance matrix
1 7 T
associated with the steady-state error vector = F ‘lim i / e, e:,' dt .®
=iy
0
L . . .
[uf,m] = (nc * nc) time-averaged covariance matrix
)
1}
associated with the steady state control vector = E llim . /u:_ui,' dt
—00
s 1
[Aefn]' = (no * no) time-averaged covariance matrix L
1 : :
associated with the transient error vector = E | - / Ac'Ae” dt R
tu 0 -_ .-
.9
N
R
16 - S
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i . . .
[Auf,,] = (nc*nc) time-averaged covariance matrix

Ly
1 .
associated with the transient control vector = E ™ j Av' A" dt
(L]
0

g ' L e
.

[uf,m]' = (nc*nc) covariance matrix associated with the initial control vector i 1

R

= E (uo up") ]

t,, = arbitrary-valued dimensionalizing parameter selected by designer (e.g. set 1
equal to desired error settling time)

t,. = arbitrary-valued dimensionalizing parameter selected by designer (e.g. set _ - ]

equal to desired control settling time) ' 1

- ]

Employing the matrix trace operator together with the above definitions, we can express :

(I) and (II) as: —

. L T .

(1) J' = Z..=lp J s

i 1 ‘ i i  ———

(1V) Vo= 5rr(Qu e + @ad) + R[4 ] T

+ R ] + R{au])
The cost function and its gradients with respect to the unconstrained compensator - 1

parameters have been evaluated analytically ([4] and [5]) to speed convergence of the

non-linear programming search for a local minimum of J*.

The designer chooses the order and form of the compensator structure and makes
an initial guess (not necessarily resulting in a stable plant for all i) for the compensator

parameters. The iterative, non-linear programming search then ensues. The finite time

formulation of the transient portion of the cost function was proposed [5] primarily as

- 17 -




a means for avoiding computational difficulties associated with an unstable initial guess

for the compensator parameters.

The above form for the cost function is particularly well suited to tracking problems in
which the linearized target dynamics contain neutrally stable/unstable modes. For these
problems, steady-state tracking errors and control responses may occur depending upon
factors such as choice of controller structure and variability of plant/target parameters.
Note that a seperate weighting on initial total control effort is also allowed. It has been
found [4] that inclusion of this term provides a more direct means of meeting design specs
for peak allowable transient control excursion. In general, the above formulation of J*
gives the designer more flexibility to trade off transient versus steady-state performance

criteria so as to meet the specific target- tracking design requirements.

v




A e(t) = ess(t) + Ne(t)

U(t) = uSS(t) + Au(t)

Au

e W N2 W :-5-5':_

FIG. 7 ILLUSTRATION OF SANDY1 DEFINITIONS FO® TRANSI®ENT
AND STEADY-STATE CRITERIA
Total tracking error and countrol responses are .
considered as superpositions of a non-cecaving, o
steady-state component (extrapolated backwards
in time) and a decaying transient comnonent e

- 10 -




3.0 SINGLE-LINK, SINGLE-ACTUATOR MODEL

To facilitate understanding of the important trade-offs involved in the design of robust
target-tracking control logic for the 2L/2A arm, a simplified single-link, single-actuator
(1L/1A) model of the problem is first considered. In this case, we consider the arm joint
to be locked with anom = Pnom = 0° and Torque Motor B inoperative (see Fig. 2). It
is desired to find a control law T, ,(t) which causes the arm (with variable mass M,
assumed concentrated in the tip) to track effectively rectilinear target motion consist-
ing of an oscillatory component at (variable) frequency w, superimposed on the cable

attachment point motion at constant velocity v, .

For the 1L/1A version of the problem, we shall consider the effects of carrying out
the controller designs according to P.C.(A) only in order to get a quantitative “feel” for
the design trade-offs. The design and comparative evaluation of the three structures is

conducted a number of times to assess the effects of increasing magnitudes of:

(1) arm tip mass v/u range
(compare NoFF vs. FSFF)
(2) target frequency v/u range

(3) feedforward measurement noise} (compare NoFF vs. FF1 and FF2 for design

v/u ranges)

3.1 Problem Formulation

Single Link Arm Dynamics (linearized about a,,, = 0°):

AN W R F TR RN

M6 0
y =~La £ =10m

where X is the initial arm state covariance matrix for parameter condition i .

_20_
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Target Dynamics:

’
[ Vr, | [0 1 0 0]y, (005 0 0 0 ‘
-9 '3 T
| -wp 0 0 Of vy, X - 0 .005w; 0O o0 =
- ) To T= ] tessseccsencersssssecconen -\'
Ire 0 00 1)} o o0 o0 o ;o
| ¥r, | 0 0 0 Of {vr,|] | o 0 ! 0 .0004 ]
3 where X}o is the initial target state covariance matrix for parameter condition 1.
t It is assumed that we are unable to predict the phase of the oscillatory target mo- '
tion component. Thus, the upper left quadrant of X}, involves diagonal terms only
and is associated with rectilinear sinusoidal motion of rms maximum amplitude .1
- m, random phase, and frequency wi. The bottom right quadrant precisely reflects — e
the initial conditions associated with the ramp component of the target motion (i.e. '
Yr,(0) = 0; v, (0) = vg, = .02 m/sec).
Output Error:
¢ = yT. + yTr - y l
Variable parameters for the problem are:
1 i S
TE “raem S @ < WSw,  (w,,,, = 2.84rad/sec) y
1 .
13 Mo < My < 15 My, (Myp,,,, = 1.25ke)

|-
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3.2 Compensator Descriptions

(I) NoFP (No Peedforward):
T = T: = K¢¢+[K1. KL] [:ﬁ'] + K],Z], + K;a

EIE DN R MR

K[,, Kiv g, a2

where,

Free parameters for optimization: K., K, K;

(II) FSFF (Full State Feedforward):
Yr,

Yr,

Ty

T‘C = 7‘: + [C', CU. C" CVr]

Free parameters for optimization: Same as for (I) plus: C,,, C,,, C,,, C,

’

(III) ESFF (Estimated State Feedforward):
Yr,
T¢ = Tc‘ + [CVU C"a C'v C"r] “T.

-




where,

¥r, 0 10 0][#,] [K, O
@ |¥n| | W © O 0|0 LK 0 [zn-yr.]
FFL s | o o0 o 1ffo, o K., |lzs-yn
b, ] o o0 o0 o]i?%] LO K,
5.1 [ © 1 0 0][i] I'K.,, Ko, 0 0 71[z-,
F(b) by, _ |9 0 0 O |Pn | Ko K 00 zp — ¥y,
1o, 0 0 0 1| 0 0 K, K.,|]|z-9.
(%,] | o o o0 o|¥| LO 0 K, K,jlz—7,
? where
- Z =y, +tn
‘ 2 = v, + 12
23 =Y, t Vs
2y, = v, + Yy

Each noise input »; is assumed to be exponentially correlated with variance u} s and
correlation time T = .005secs. Since this represents a relatively short interval compared
with anticipated correlation times for the target motion, for analytic convenience we shall

model® each v; as a white noise source with power spectral density Q,:

E(vi(t)v;(7)) = Qs (t—1)
Qu = 2Tu}, = .Olu},

(rms intensity vy, will be a design parameter)

! se;_[G] for n18re—<£;;11-pfgte explanation. -~
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Minimal realization forms of (III)-a ard (III)-b are given by:

z,,
. -~ - - - é.’
T. =1 +[C, &, &, &, !
1
&, |
where,
3 0 1 0 0 2,, [ 0 0
LJ]
(a) z., _ | on, —or, 0 0 2., N ar,, 0 [z,]
FF1: é,. 0 0 0 1 2, 0 0 25
2'1 0 0 —aT" —aT'| 2" | 0 ar"

Free Parameters for Optimization: Same as for (I) plus: C,,, C.,,, C,.,

Cvn ar,,» 8T,,» OT,» ar.,

5, 0 1 0 0 ][z,
(b) t,| _ |-er, -orn, O 0 2,
FF2: 5, 0 0 0 1 %,
z,, 0 0 -er, -ar, ||z,

[ 0 bT’I 0 0 ] [ 2]
aT,, bT., 0 0 2y

0 0 0 b ||z

| 0 0 aT,, bT'n_ [ 2, ]

Free parameters for optimization: Same as for (III)-a plus: br,,, br,, br,, b,

e e e
PP O TCIET
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3.3 Controller Design and Performance Criteria

A performance criterion is now defined that reflects the design goals discussed in
Section 2.0.

P.C.(A): Minimize a weighted sum of mean square transient and steady-state

I errors averaged over the np parameter conditions
T En__p_l Cz‘ 2.‘ 21 2t
" = ==—— ¢ =que,, +qle,
np
[ J
[

subject to constraints on the peak and steady-state control effort:

(*) maz T,'(t)l < 15Nm (i=1, np; t=0, t;)
;
' np moi
T.... = Lo Ie.., < 3N-m
np
i The weighting parameters q,, and ¢ are chosen by the designer (on a trial ard error
basis) to provide a good balance between the “optimal® values of the (averaged) mean
square steady-state and transient errors.
. As a convenient approximation to this performance criterion, we define a quadratic cost
function as follows:
. np .7
J' = zi:l p J
)
J'=q.,€, +q0é + T2 + rATE + 1, T2,
A large value (i.e. 500 secs) was chosen for the finite time interval t; associated with
) the transient terms Aef,: and AT,’; to ensure that the solution for minimization of

J* resulted in stable closed loop dynamics (see [4] for more detailed discussion). The
dimensionalizing parameters ¢,, and t,, used in the definitions for the transient terms
(see Section 2.3) were set equal to 10 secs and 1 sec respectively. In general, the actual

peak control criterion maz |T: (t)l is a rather complicated non-quadratic function of

— 925 -
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the independent controller parameters. As a convenient quadratic “surrogate” for this
parameter, a weighted sum of the initial control excursion squared (T ) and the mean

square transient control effort (AT?) is used in the above definition of J*.

For the selected error term weighting parameters g¢,, and g, the control term
weighting parameters r, ro, r,, are varied in a trial and error fashion by the designer

until the corresponding solution for minimization of J* meets the following constraints:

T2, < 4(N-m)’

quadratic “surrogates” for ()

T2 < 100(N-m)?

Com

T2 < 4(N-m)?

Coorn —

The numerical bound on initial control excursion is based on anticipation that the optimal
control strategy for each controller structure will call for large torque early on in response
to initial error, initial error rate, etc., gradually tapering off to the steady-state oscillatory
condition. Assuming that the maximum total control excursion occurs at ¢ = 0%, we
desire to limit the average magnitude of this excursion to be less than or equal to the
torque motor peak allowable (15 N-m) divided by a safety-factor of 1.5 to account for
variability of the initial error and error rate magnitudes. Squaring this reduced allowable
we arrive at the upper bound of 100(N-m)? for TZ . Similarly, a 1.5 factor was applied
to the torque motor rms continuous limit of 3 N-m to arrive at a reduced allowable for
the average rms continuous (i.e. steady-state) torque. Squaring this reduced allowable,

we arrive at the upper bound of 4 (N-m)’ for TZ

Caom *

Ideally, the upper bound on mean square transient control effort should be chosen equal
to a value 7, which is “just small enough” to ensure that the optimal control law will
not call for any control excursions of magnitude greater than 15 N-m for all times greater
than ¢t = t?. In general, the exact value of n, necessary to achieve this is not known
by the designer a priori and, in fact, will depend upon the controller structure being
optimized. To avoid additional trial and error procedures which would be required to

determine %, accurately, a value of 4.0 (N-m)? was assumed and used in the design of




each controller structure. This choice seemed to consistently result in controller designs
that did not violate the peak torque constraints for ¢ greater than ¢ yet allowed for

reasonably fast decay of transient errors.

It is likely that many different combinations (r, ry, r,,) will result in corresponding control
law design solutions that satisfy the above snequality relationships. Thus, to ensure
uniqueness of the solution, we further require that each control term weighting parameter
be zero unless the corresponding constraint (i), (ii), or (iii) is active (i.e. the equality

relation holds).

It can be demounstrated that the solution which meets the above criteria is “optimal” in
the sense that the resulting value of €2° is the minsmum value attainable subject to the

numerical constraints placed on the control terms.

. . .
VP AT
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4.0 DESIGN RESULTS FOR 1L/1A MODEL

4.1 Nominal Parameter Case (NoFF vs. FSFF)

For the case of nominal arm/target dynamic parameters and initial conditions,
SANDY1 was used to synthesize “optimal” controller parameters for the NoFF and FSFF
controller structures according to P.C.(A) with ¢ = 80 and gq,, = 50000. Controller pa-
rameter values, closed loop eigenvalues and performance data are summarized in Table
(1). Observe that the optimized “I,” compensator sub-block contains a duplicate of the
oscillatory portion of the nominal target dynamics for both controllers, thus ensuring zero
steady-state error with respect to target oscillatory motion at frequency w, = v8.07
rad/sec. Similarly, as discussed earlier, it is readily apparent that inclusion of the 1/s
integrator term in conjunction with the natural 1/s integration from arm tip velocity to
position provides a model of the ramp portion of the target motion; hence, zero steady-

state error with respect to the target ramp motion is also preserved.

Since the “I,” and “I,” sub-blocks insure zero steady-state error for the case of nom-
inal target dynamic parameters, the only effect of feedforward appears in the transient
tracking response. As shown in Table (1), the percent improvement in root mean square
transient tracking error Ae, for the same control effort offered by feedforward of all

target states is substantial (42% reduction from NoFF to FSFF).

To provide a more direct comparison of the transient response characteristics of the
three optimized centrollers for nominal parameters, Figs. 8 and 9 show simulated time
responses for one possible set of initial conditions (i.e. arm tip initially at rest at y, ;
target at max amplitude (.1 m) and beginning “forward” swing). Note the much lower
undershoot and settling time obtained with feedforward (Fig. 8) for approximately the

same control effort (Fig. 9).
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TABLE 1
ﬂ . CLOSED LOOP DATA FOR OPTIMIZED 1L/1A CONTROLLERS
: DESIGNED FOR NOMINAL PARAMETER CASE
& ) Controller Controller Controller
I ’ Parameter Values (I) NoFF (I1) FSFF
| K. 100.86 139.01
K, —55.55 ~7.49
K;, 17.86 10.29
K 29.28 14.50
K, ~15.04 ~18.12
qo=[0 1 0 1 0 1
¢t T e, —ay —-8.07 0 —-8.07 0
c,. - ~16.82 ’
C.. - 17.83 !
cr - 0 |
C., - 17.78
1
—4.22 + j5.99 ~6.83 + j7.29
Closed Loop Eigenvalues —.785 + ;1.08 —.34 + 52.86
-.97 -.113
Performance Data ;
Ae,, (m) .012 .007 ;
€ss,n (M) 0 0
AT (N-m)? 3.97 3.92
T2 " (N-m)? 50.9 88 |
T2, (N-m)? 51 51 |
j

~ 29 -
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4.2 Effect of Arm Tip Mass Variations (NoFF vs. ESFF at w, = w, ) _ .

As discussed previously, inclusion of the “I*” block in all three controller structures

insures zero steady-state error with respect to nominal target motion despite arm pa-
rameter (e.g. tip mass) variations. Hence, again we anticipate the effects of feedforward _N
control to appear only in the transient response characteristics. To explore the capacity
of feedforward to provide good average tracking behavior over wide ranges of tip mass
variations, Controllers (I) and (II) were “re-optimized” for increasing values of a tip mass

variability range factor a_, defined by:

1 )
— M“Pnom S M“'P < am M"’Pnom
am
For each integer value of a,,(1 £ a, = 4), SANDY1 was used to optimize . ® o
parameters of both controllers assuming np = 3 corresponding to three discrete arm ' s 7.
parameter conditions: RS -
. 1 LI
() M, = My, = — My, (0 = 3333) S

() Mip = Ma,,, (p = 3333)

(4#5) Myp = Mip_.. = G Miip.. (p = .3333) -®

Figure 11 shows the comparative average performance over the three tip mass con-

ditions. It is clear that, as tip mass variability range increases, the FSFF controller

L ]
demonstrates an increasing improvement in average transient tracking performance. For S
a design value of a, = 1.5, full state feedforward offers a 35% reduction in average root
mean square transient error Ae,, for the same control effort. :j_L e
o
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4.3 Effect of Target Frequency Variations (NoFF vs. FSFF at My, = M,,, . ) o

If variability exists in the target frequency, it is not possible to specify a unique
“I;” control sub-block which will insure zero steady-state error with respect to target
oscillatory motion over the entire variability range. Thus, the feedforward compensa- .
tion may affect steady-state as well as transient error behavior. Figures 11-12 present
performance results obtained for both controller structures, each optimized according
to P.C. (A) with ¢ = 80 and g,, = 50000 for increasing values of a target frequency
variability factor a,_, defined in the same manner as an. Once again, the advantages
of the FSFF controller are evident, especially as a,_  becomes large in which case both
transient and steady-state rms errors (averaged) are seen to be significantly lower than

for the optimized NoFF controller. These results may seem somewhat surprising in view

of the sometimes-expressed notion that good feedforward control can be designed only °

if the target dynamics are fixed and well-known. Apparently, by accounting for several
discrete possibilities for the target frequency in the design process (as was done here), the

optimization process produces a “robust” set of feedforward parameters which improves

the average tracking performance over the target frequency v/u range. It would seem -®
that, when optimizing the average tracking performance for any given range of target fre- '
quency v/u, inclusion of independent feedforward parameters should always be beneficial

since additional degrees-of-freedom are then available for improving the performance.

4.4 Effect of Noise in Feedforward Measurement(s) (NoFF vs. ESFF at a,, = am = 1.5)

Results up to this point indicate that the inclusion of optimally designed feedfor-

ward compensation in the overall target-tracking control scheme does indeed offer some
significant performance payoffs, especially for large target frequency variability ranges.
However, the detrimental effect of random noise in the feedforward measurement(s), ne-
glected up to now, must also be considered. We should expect that, as the noise levels in .

the feedforward measurement(s) increase relative to the feedback measurement noise, the

optimized solution will call for lower feedforward gains and rely more on the feedback-

only portion of the controller structure at the expense of tracking accuracy. To explore

this hypothesis in a quantitative fashion, we now consider the effect of increasing levels - @




vvvvvv

1 of random (i.e. “white”) noise in the target measurement(s). For the ESFF controllers
1. FF1 and FF2, optimal parameters are synthesized by SANDY1 assuming design values of
' 1.5 for both a,_ and a,, and accounting for white noise sources of equal power spectral

density Q;y = 2T u}, (see Section 3.2) in each of the target state measurements, where

T is taken to be .005 secs and vy, is the parameter to be varied. Five discrete parameter
conditions were defined to bracket the design ranges for the variable parameters. These

are:

l
| Cond # | Probabilityp' | M, (kg) | w, (rad/sec)

|

1 3 1.25 2.84
2 175 625 1.89
‘ 3 175 625 4.26
4 175 2.5 1.89
| 5 175 2.5 4.26
|

For each controller design, cost function weighting parameters g,, and ¢ were chosen
on a trial and error basis to strike a good balance between the “optimal” steady-state and
transient error characteristics. Also, in the optimization process it was assumed! that
the target state estimator had been running open loop for a short time prior to ¢t = t}

so as to attenuate the effects of large initial estimator errors on the control effort.

Figures 13 and 14 show the resulting optimal transient and steady-state error per-
formance (for approximately the same control effort) of the ESFF controllers versus the
NoFF controller as a function of the design value for the feedforward measurement white
noise intensity. Since the NoFF controller does not use the feedforward measurements,
its performance is obviously constant for increasing v;;.2 With the FF1 controller, the
transient and steady-state tracking accuracies are seen to degrade significantly relative
to that of NoFF as the design level of measurement noise increases. Using the additional

measurements of target rate coordinates (FF2 controller) appears to buy considerable

! this involved recalculation of initial vlaues for the feedforward compensator states to

be used as part of the input to SANDY1
? expressed as a percentage of the maximum expected target position amplitude (= 10

cm) -
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improvement in both transient and steady-state tracking accuracies, especially at higher RS

design levels of measurement uvoise. At a design noise level of v;; = 5%, the average rms
transient and steady-state errors with FF1 are, respectively, 30% and 38% less than for
NoFF. By comparison, FF2 is seen to provide more dramatic reductions of 40% in rms

transient error and 85% in rms steady-state error.

Controller parameters and average closed loop performance data for each structure

designed for the five parameter conditions and vy; = 5% are summarized in Table (2).
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TABLE 2

CLOSED LOOP DATA FOR OPTIMIZED 1L/1A CONTROLLERS DESIGNED
FOR FIVE PARAMETER CONDITIONS AND v, = 5%

Liuielc ot omns s oo o e e g

T ——

Controller Controller
Parameter Values (I) NoFF (I1)-a FF1 (III)-b FF2
I -
K. 106 106.8 47.2
K, -98.1 ~7.24 30.3
K; 46.3 75 43.6
K, 10.5 1.52 25.2 ;
K, -34.2 -13.39 -37.1 |
!
e = 0 1 [ 0 1 [ 0 1 ] [ 0 1 ] :
2 =|-6, -a ~141 -17 -183 —.15 -21.1 -23
C,. - -18.8 -13.7
C.. - 5.44 —.41
G, - 0 9
- - .0002 —.044
[or,, ar,] - [-104.2 — 10000] (99 10000] |
|
[ar,, ar,] | - [-200.8  20000] [34.7 20000]
|
[br,, br.,] ; - - | [1311 999
l”ﬂ. bT,,] } - - (200.1  200]

Ry PP S .

Closed Loop Eigenvalues —2.04 + 56.17 -5.24 + ;747 | -84 £ ;6.77 o
(Nominal Parameter) -.042 + ;.33 —.17 + j4.26 ‘ —.48 + ;.28 :
Condition | —249 —.0147 ! —29.25 '
B . L .80
|
Average Performance Data } ' | y
— - ]
Ae,, (m) | 019 014 011 ]
&, (m) ] 021 013 .003 :
AT? (N-m)? | 3.96 3.65 | 4.48 1
T (N-m)? 1 56.2 40.9 75.3 p
77, (N-m)? r 1.55 3.57 1.73 2
;
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5.0 TWO-LINK, TWO-ACTUATOR MODEL

For this case, the nominal arm angles « and S at time ¢ = ¢} are as shown in Fig. 2.
Both torque motors A and B are assumed fully operative. It is desired to find control laws
T., and T,, that cause the arm (with variable M,,,) to track effectively a target under-
going elliptical motion at variable frequency w, superimposed on the rectilinear cable at-
tachment point motion at constant velocity v, . To account for variability /uncertainties
in the eccentricity and orientation of the target elliptical motion, a random initial con-
dition covariance matrix for the target motion was constructed and used in the design
process as described below. The total distance y,(t;) over which the target-tracking
operation will occur is assumed small enough to allow for a linearized model of the arm

angle perturbations from the nominal positions an.m = 45°, fnom = —90°.

For design ranges of target frequency and arm tip mass variabilities (i.e. a, =
, a, = 1.5), and assuming white noise sources of equal power spectral density (Qs; =
2T v}, where T is taken to be .005 secs and vy, is assumed to be 5% of the maximum
expected target amplitude of .1 m) in each target state measurement, the NoFF and both
ESFF controller structures are first designed and compared according to P.C. (A). Peak

(continuous) allowable limits of 15 N-m (3 N-m) were assumed for each torque motor.

The NoFF and FF1 structures are then redesigned according to P.C. (B) to determine
the torque motor size required to match the tracking accuracy achieved with the FF2
controller.
o
4
5.1 Problem Formulation ]
Two-Link Arm Dynamics (linearized about a,,,m , Onom):
. -
& 010 0][a 0 o0 0000 R
& 0 0 0 0f]a g{OTH] . 0 000 '
g 0 00 1||h 0 01T, 0000
i 0 0 0 o]LB -gi g 0 00O o
- -9
42 - R ‘
[
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where g;, g, depend on value of M,;,:

J 1 835 2.15 7.50 }
1 2 1.25 1.76 5.23 ’
|3 1.88 138 | 367
| 1 !
Target Dynamics:
[ 27, [0 1 0 0 0 O] [zr,‘
£, ~w? 0 0 0 0 Of|z,
¥r, 0 0 0 I 0 O0f]|yn )
b,] | 0 0 —w2 0o oyl
Yr, 0 0 0 0 0 1]]|yr
3, 0 0 0 o0 0 O]y, i
r . ]
.005 0 0 0 0 o0
0 00507 0 0 0 o
~ 0 0 .005 0 0 ©
X;‘o = '3
0 0 0 005w 0 0
0 0 0 0 0 0
| 0 0 0 0 0 .0004 ]

Since we are unable to predict the eccentricity or orientation of the elliptical component of

the target motion, the upper left quadrant of the target initial covariance matrix Xj, was

chosen to be the same as for a circular trajectory of rms maximum radius .1m, random
phase (this implies diagonal terms only), and frequency of traversal w;. The lower right
quadrant precisely reflects the initial conditions associated with the ramp component of

the target motion (i.e. v, (0) = 0;vr,(0) = vp, = .02 m/sec). 1

43 -
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Output Error Components:

e; = z1, — .3535a . R

e = yr, + Yr. - (\707a + .3535p8)

le] = /€& + €2

< w; < WS5w,, (w;, = 2.84rad/sec)

1 .
— My, < M, <15M, (M, = 1253kg)

5.2 Compensator Descriptions

(I) NoFF:
- (3] [
T"B T:B Kt-n Ktn J

-4 + .
K, | " K; K; |3

2

x

Z[,

ij

44 -




MR Aas o Sl Sh Sl Mhat ai Sma s snen nas o aae o e

. Ao g

} where :
‘-‘ : zr,, 0 1 0 0 21, 0 0 ; 3 ‘1
zy,, —a;, —a; O Y zy,, a;, 0} Te,
- gl "l o o o 1 lla| T T]o o [ev] 7
z,, 0 0 -a, -—a,llé, 0 gy, , B

Z, = ¢

Free Parameters for Optimization (22): (K.]; (K.l; [Ku1]; [Ké.:'i]; Qyys

Az Gyy; Gy,

(II) ESFF (minimal realization forms):

7] - [z
: — ) +
T"B TtB

z.,, .
- |
2’;,.z

Cu Clz Cl3 Cu Cls Cle zV-n
sz sz Czs 024 Czs Czo zv-z

zvr. -
.zv'z J
3
<4
<
Y
]
e
.'_1
<
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.
where, (FF1) (III)-a: -
®
3, 0 1 0 0 0 7[%.,] "
‘l .
éz,, —ar,, —or, 0 0 0 z,,, ":
5 1 0 0 5 P
@ |= % 20 .
FFL |3 0 0 -~ag, -6, O o ||z,
3. 0 0 0 0 0 1 5.,
L éV'Q ] 0 0 0 0 —aT!rz —aTVr, p L%y'z ] .
F 0 0 0 l
GT‘.’ 0 0
o o o ||® .
+ 22 @
0 on, O 23 e
o o0 o0 S
O 0 aT"’ ) :'
Free parameters for Optimization (40): Same as for NoFF plus: (Cl; ar,,,; O, o
ar,, ; 6r,,; Or,; 07, . o
3, 0 1 0 0 0 0 )%, )
9 R
éz.z aT“z —aT"l 0 0 0 0 23.1 .
w) (3| _ | © 0 0 1 0 o ||,
FF2: %y., 0 0 —ar,,, 7., 0 0 2!-,
2 2z
5, 0 0 0 0 0 1 - .
év” | { 0 0 0 0 —ar,,, —or,, Lf‘:,,, )
[0 by, 0 0 0o 0 1[%] g
GT.‘, bT"’ 0 0 0 0 22 L ‘
0 0 0 bTvnn 0 0 23 . s
+
0 0 aTn, bT!c’ 0 0 24
o 0o 0o 0 0 b, |, .
0 0 0 0 ar,,, bT,,,J ..ZeJ T .
°

.........................




Free Parameters for Optimization (46): Same as for FF1 plus: br,, i br.,,;

where,
2 =

il

23

{l

23

i

24

2y =

28 =

br,,, s

z,,
z,,
Yr,
Yr,

Yr,

+ 4+ + + o+ o+

Yr.

n

V2

Vs

Yy

vy

Ve

bTIll ; bTY',

LR e d and iast el e

br,, ;

Each noise input v; is assumed to be exponentially correlated with rms intensity v,; = 5%

of maximum expected target amplitude (.1m) and correlation time T = .005secs. Since

this represents a relatively short interval compared with anticipated correlation times for

the target motion, for analytic convenience we shall model each v; as a white noise source

with power spectral density Q, as follows:

E(U,'(t)lli (T)) = Q//&,‘j (t—T)

Qq = 2Tvj, = 0lvj, = .25% 10~ m?sec

5.3 Controller Design and Performance Criteria for 2L/2A Arm

P.C. (A): For

mazx (

A

T (¢)]

T}, ()])

maz (TCA..,,,' Tfs...,,) =

15 N-m

3 N-m

(i=1np; t=tyt;)

minimize a weighted sum of mean square transient and steady-state tracking errors av-

eraged over the np parameter conditions:
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np 2e' .
Ei:l € 2

Py i €8 = qu e';,m' e, + qA ¢ Al

np

P.C.(B): For

A

Ac' A dt = N,

[} <
ellﬁ,, eu,,, - Nu

where N, and N,, are to be chosen based on results using P.C. (A), minimize a weighted
sum of peak and steady-state torques averaged over the np parameter conditions (as for

the 1L/1A case we use the first two terms below as a quadratic surrogate for peak torque):

e TRTY e By
TF o= =R T = n LT+ AT AT+ T

np Coon Coon

H

For either performance criterion, define a quadratic cost function:

J' = Z"’ oI

=1

' cham

Jo=gq,¢, "¢, +qae ad, + 1T, T, + rAT,'AT., + r.T.,.,
When carrying out the design according to P.C. (A), weighting parameters g,, and ¢
are first chosen (on a trial and error basis for each structure) to provide a good balance
between steady- state and transient tracking accuracy. For this choice, r, ry, r,, are then
varied iteratively by the designer until the corresponding solution for minimization of J*

yields:

(i) maz {ATZ , ATZ } < 4 (N-m)’

(i) maz {Tf“m, T:anm} < 100 (N-m)?
(iii)}) maz {Tfmm m..,,,} < 4 (N-m)*

— 48 -




where, to ensure uniqueness of the solution, we further require that each control term

. weighting parameter be zero unless the corresponding constraint (i), (ii), or (iii) is active
(i.e. the equality relation holds).
Conversely, for P.C. (B), we shall set r, ro, r,, at fixed values (based on results for FF2 -
using P.C. (A)) and vary g,,, ¢ until the optimal solution yields: -
)
€ Coem < N
N,,, N, set to corresponding values
of FF2 controller designed for P.C. (A). .
Ace,Aey, < Ny '
—
.—_-—




6.0 DESIGN RESULTS FOR 2L/2A MODEL (a,, = ax = 1.5 , vy; = 5%)

Five discrete parameter conditions (identical to those for the 1L/1A case) were used

to bracket the design parameter variability ranges. Tables (3) and (4) summarize average

- closed loop performance data for the controller structures optimized according to P.C.
¢ (A). For specified bounds on control effort, it is apparent that the comparative abilities
; of the three controllers to minimize steady-state and transient tracking errors follows the
t__ same trend as observed for the 1L/1A case. Feedforward of target position and velocity

coordinates (FF2) is seen to offer a 44% reduction in average root mean square transient

tracking error Ae, and a large improvement (88% reduction) in average root mean

square steady-state error &, . Feedforward of only target position coordinates (FF1)

provides less dramatic improvements (23% reduction in Ae,, , 32% reduction in ).

Figures 15 and 16 exemplify robustness characteristics associated with the optimized
controllers. For the heavy tip mass (i.e. “worst”) case, sensitivities of average root mean
square transient and steady-state tracking errors to actual target frequency variations
are shown. Note that, over the entire design range of w, variability, the optimized FF2
controller in particular provides significantly improved tracking accuracy relative to the

NoFF controller given the same constraints on control effort.

It is important at this point to analyze the final designs in more detail to check

whether the original design goals stated in Section 2.0 have been satisfied. To reiterate

these goals: o "."

(1) error settling time to 1 cm (i.e. 10% of average expected o]

target amplitude) = 10 secs

(2) peak torque = 15 N-m
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(3) rms continuous (steady-state) torque = 3 N-m
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To check precisely whether each of the goals have been met for every possible combi- ]

nation of arm/target parameters and initial conditions would require an infinite number -
of analytic evaluations and/or simulation runs. For the purposes of this design study,
we shall check by simulation only the five design points used to bracket the parameter
r variability ranges and assume a “worst-case” set of initial conditions.! The results of this .
F evaluation are contained in Table (5). It is seen that the FF2 controller is by far the -
most consistent in achieving the 10 second settling time goal except at v/u parameter

condition 3, at which 12.4 seconds is required for settling to the 10% goal. This condi-

tion corresponds to the case where M, and w, are 50% higher than their respective o
nominal values, and would intuitively seem to be the most difficult condition for which 4 4
to provide good control. Neither FF1 nor NoFF achieved the 10% goal before 10 seconds

at any of the v/u parameter conditions checked. In fact, with the exception of the FF1

controller at the nominal parameter condition (1), the tracking errors associated with __,_,“4
FF1 and NoFF are observed never to settle below 10%. In terms of peak control torque 1
encountered, all three controllers are seen to meet the design constraint of 15 N-m, with :_:_1 j
T., of the NoFF controller coming the closest to violation with a 14.7 N-m excursion ]

which occured at ¢ = 0% in reponse to the assumed worst case initial error of .1265 m. i

Rms continuous torques are also seen to lie safely below the allowable limit of 3 N-m. -'_ 1

Discrete-time linear simulations for the three controller structures optimized to :
P.C. (A), including the effects of feedforward measurement noise, are shown in Figs. )
17-20. The first two figures present comparative time histories for the position error -
magnitude and the two control torques T., and T,, for the case of nominal arm tip

mass/target frequency and worst-case initial conditions. Feedforward measurement noise

e e 1)
e ;.

roughly equivalent to that assumed in the design (vy; = 5%) was simulated using a

)

random number generating routine. The FF2 controller clearly meets the design goals

b

of Section 2.0 at this particular condition: the position error magnitude is seen to settle
to the 10% goal after only 3 secs compared with the required settling time of 10 secs.

By contrast, the FF1 controller is seen to require a 16 sec settling time while the NoFF

controller never settles below 10%. The control torque histories for this condition are

BNOLN SR TRAENE

quite similar for all controllers, as expected (due to identical control torque constraints

! j.e. the case where z, = [0] and z, =[.1265, 0, 0, -.1795, 0, .02]' which corresponds

to target elliptical motion with average amplitude = .1 m and eccentricity = .8G6.
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assumed in the design process). The peak torque constraint of + 15 N-m is met by all
tbree controllers at this condition. Note the greater noise response associated with the
control torque histories of the FF1 controller using noisy target position measurements
only. Figures 19-20 show comparative time histories for the (worst) case parameter
condition where the arm tip mass and target frequency are each 50% higher than their
nominal values. In this case, the position error magnitude for the FF2 controller is seen
to require slightly greater than 4 secs to settle below the 10% goal, while the NoFF
controller and the FF1 controller never settle below 10% for the same constraints on

control effort.

The above results indicate that the FF2 controller requiring sensors for both target
position and rate coordinates should be implemented in order to meet design goals for
tracking accuracy without violating the given control constraints. It is of interest to
know how much larger the torque motor limits would have to be for the NoFF and FF1
controllers (requiring fewer sensors) to match the tracking accuracy achieved with FF2.
Accordingly, both the NoFF and the FF1 structures were re-optimized using P.C. (B)
of Section 5.0, with numerical bounds N, and N,, on the average root mean square
transient and steady-state errors assumed to be the corresponding values associated with
the FF2 controller optimized using P.C.(A) (which appears to very nearly satisfy all design
goals). Results of this re-optimization indicated that the torque motor peak limits would
have to be approximately (40 N-m) and (20 N-m) to accomodate error requirements with
NoFF and FF1, respectively. Thus, if torque motor size were a variable in the overall
system design process, the designer would have to weigh the costs of obtaining larger
torque motors and using fewer sensors against using smaller torque motors and more

Sensors.

Ao o o 0o

.
} P
AL‘_’ P S




0" 00¢ ] [ 0000¢
: 2°0G¢ 0
w 0°00¢ 0000¢ Nuxyc...meea ﬂmxp
_ . g
1°002 0 ,
2 0°001 0000T
3 ﬁm.ooﬁu | o M
g €1 001- 9°001-
0000€ - 6000€ -
3 6°96- 2°901- ﬁmux, lsy. sy @
. 00002 00002~ Lo le = “le
£ £°96- 1°901-
g 00001~ | 00001~
80°- 0 z1'- ('s~- ¢ - z's-|{[z0° o0 % 9'01- z°T T1°8I-] ﬁug
5 60°- 0 ST°- %0°8- vz* 8°8 ||{90°- 0 Z°T T°9T- £'€- 2'6T
: 9'z- 1'1i- 0o o || [er1- 601- o o leerr-1er- o o Che- Che- o o s
" 1 0 0 0 1 0 0 0 0 0 0 0 T 0 0 0 (=71
0 0 rARATEE S8 o 0 0 U 1- ST L- 0 0 91" 1~ €°€1- e- “Xe-
0 0 1 0 ; 0 0 1 o J{Lo o 0 o0 o 0 T o0
. }
X L°71-  8'€T- 19°0T-  £9°€1- 9°0z~  0°0¢- ﬁ...mg o
(9°1-  1°ST- 65°1-  (8'8 (8°T-  %0°ST- |
. 8°67 | 96" 6T 0L°ST | ung
s €€ | 6871 ¥0°TT -
g v'66 €79y~ T1°98  SGG-] L0T  T°L%- 0°S8  zes-||[L 0T €759~ 6798 1°29-] ﬁmHMg
3 629 8Ty~ L'€€~ 9°SL | 21y T°SS- L°0T- 6°%8 |||8°Tv 8°65- £°9Z- 9'v6 |
[ 'L9  7°96 | 6°9L %°86 %08 T°STT| ﬁwxg
3 0°6,L %°99-] 1°TL  €°86- 9°0, §'5¢- |
P, ¢dd 9-(11) 144 e-(I11) JdoN (1) Saniep l198jauwelied
ﬁ. I3TT0I3U0) A9TT0AUO)
g %5 = ?%0 auv SNOILIGHOD 4ALEWNVHVd FAId ¥0d QINSISAQ
] SYATIOYINOD VZ/1¢ QAZIWNILAO 904 SUAIUWVAVd HHTIONINOD dOO1 qdSo01d

¢ 319vlL




3
TABLE 4 o]
AVERAGE PERFORMANCE DATA FOR OPTIMZIED 2L/2A CONTROLLERS - ¥
DESIGNED FOR FIVE PARAMETER CONDITIONS AND v, = 5% U
Average Performance Controller o 4
Values (I) NoFF (II)-a FF1 (II)-b FF2 '
- 3
AT, (N-m)’ 3.6 3.91 4.05 °
AT, (N-m)’ 2.27 2.88 2.84
T., (N-m)’ 40.3 23.8 81.7
T., (N-m)’ 99.3 54.4 95.6 ]
T.,. (N-m)’ 1.2 3.41 1.26 o 4
o : B 4
T.,,. (N-m)’ 376 .59 .39 | :
Ae, (m) .0236 0181 .0133 1
&, (m) I 0205 | .04 0025 |
| ! ;
I |
1 | |
Closed Loop Eigenvalues | -72.6 ! -33.9 —41.7
(Nominal Parameter) | -21.5 | -7.7 -204 1
Condition | —1.91 + ;7.6 | -2.95 + ;8.8 | —2.66 £+ 79.1 .
| —1.94 % j6.6 | ~2.28 & ;7.9 | ~2.31 £ 7.15 "
| —.04 %329 | -.08+ 540 | —.13 + ;.54 '
-016 | -.034
l

—.201 i
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{ NOMINAL PARAMETER CASE
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CONTROL TORQUE HISTORIES OF TRACKING CONTROLLERS NOMINAL PARAMETERS
Control torque histories producing tracking error responses of Fig.
All three controllers exhibit comparable control effort. Peak and
tinuous constraints are satisfied in each case
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7.0 CONCLUSIONS

This design study has demonstrated that the addition of feedforward compensation
to a basic feedback-only (NoFF) controller structure for a target-tracking mechanical arm
can provide a marked improvement in the arm’s ability to track an oscillating target for
a given level of control effort despite variations or uncertainties in the dynamic param-
eters of both arm and target. In particular, a single-link, single actuator version of the
tracking design problem was used to show that, in the absence of feedforward measure-
ment noise, inclusion of either full state feedforward (FSFF) or its near equivalent using
target position measurement together with an approximate diferentiation network to ob-
tain target rate produced large reductions in average transient and steady-state tracking
errors relative to the NoFF structure given the same constraints on control effort. Fur-
thermore, this relative improvement is seen to increase as the target frequency and arm
tip mass variability ranges increase (see Figs. 11-12). As noise is introduced into the
feedforward measurements, however, it was seen (Figs. 13 and 14) that the use of target
position coordinate measurements only (FF1) resulted in a tracking performance which
degraded significantly for increasing levels of nearly “white” sensor noise. By contrast,
with feedferward using both target position and rate coordinated measurements (FF2),
a considerable performance improvement was achieved even at fairly high intensities of

white noise in all feedforward measurements.

The design comparison conducted for the two-link, two-actuator model of the arm
confirmed the trends observed for the single-link, single actuator case at design values
for arm tip mass/target frequency variability range factors and feedforward measurement
noise intensity. The FF2 controller was shown to provide a (44%) reduction in average
root mean square transient tracking error and an (88%) reduction in average root mean
square steady-state error relative to the NoFF structure for the same constraints on
control effort (Table 5). Furthermore, this structure was the only one to meet all design
goals discussed in Section 2.0. It was also determined that a (33%) increase in the peak

allowable torque would be required for the FF1 structure to achieve the same
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average tracking accuracy as the FF2 structure, while a (167%) increase would be required

for the NoFF structure.

This report has attempted to predict, in consistent and quantitative fashion, the
improvements attainable by including feedforward in the overall target-tracking control
scheme for a mechanical arm. Final decision on the choice of the overall feedforward /feed-
back controller structure should weigh the results predicted against the complexities and

costs associated with implementation of the structure.
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